Introduction
The deformation modulus of rock mass (E rm ) is an important input parameter for many rock engineering projects, including tunneling, support design, foundation design, etc. It defi nes the relationship between applied stress and resulting deformations (including elastic and inelastic behavior) that describes pre-failure mechanical behavior of rocks.
Rock mass deformation modulus can be determined by in-situ tests, such as: plate loading, plate jacking (PJT), radial jacking, fl at jack, cable jack, and dilatometer (DLT) (Galera, Alvarez & Bieniawski, 2007; Isik, Doyuran & Ulusay, 2008; Kavur, Štambuk Cvitanović & Hrženjak, 2015) . These tests are time-consuming, expensive, and diffi cult to conduct and the reliability of the results is sometimes questionable (Palmstrom & Singh, 2001; Hoek & Diederichs, 2006) . Besides, in-situ test results may be very different depending on the test method (Agharazi, Tannant & Derek Martin, 2012; Kavur et al., 2015) . This means that relying on just one in-situ method is diffi cult. So, to cross check the results, two or more types of tests should be used (Aliasghari & Ahadi, 2007) . Unfortunately, few projects have a suffi cient number of different in-situ tests to allow a meaningful comparison of data. The PJTs and DLTs are the most common in-situ tests performed in major projects to determine E rm . In this paper, the values of E rm measured by PJTs and DLTs were compared at Bakhtiari Dam site. The Bakhtiari Dam site is located in the south-west of Iran, almost 70 km north-east of Andimeshk town (Khuzestan province) and 65 km south-west of Dorud town (Lorestan province). Figure 1 , the PJTs and DLTs have been performed in various geological and geotechnical conditions in the most parts of the dam site. The PJTs and DLTs in the same geological and geotechnical conditions were categorized into a group and were compared with each other.
Geotechnical investigations

Plate jacking test
Plate jacking tests (PJTs) were frequently used in rock engineering to determine the deformability of the rock mass. In order to make the test results representative of jointed rock, large loading plates were used to encompass several joints in the rock mass. The PJTs are usually carried out with fi ve loading and unloading cycles (ISRM, 1979) .
Plate jacking tests at Bakhtiari Dam site were carried out using rigid loading plates with diameters of 650 and 915 mm. The rock displacements are measured using borehole extensometers fi xed at fi ve positions inside boreholes drilled in the center of each loading area. Thus, we have fi ve measuring points behind each loading area for which moduli can be calculated. There is an increasing trend in moduli values with depth depending on rock mass quality. With high quality rock masses, the rate of increasing is very high, but for very low quality rock masses this is insignifi cant. In the present study, the selected modulus of rock masses for each loading area is an average modulus of two or more points that is chosen by expert judges.
According to ASTM (2008) , for a circular rigid plate test, when measurement of displacement is done in a borehole beneath the loading plate, the basic formula for calculating E rm is:
(1 ) (2 2 )arc sin 2 The Poisson's ratio of rock mass considered 0.3 for all the rock masses due to the insignifi cant effect of ν within the interval of 0.1-0.35 on the deformation modulus of rock masses (Palmstrom & Singh, 2001) .
From all PJTs, about 47% were performed horizontally and 53% vertically. Comparison between vertical and horizontal test results shows insignifi cant differences (Table 1, Fig. 2 ). 
Dilatometer test
In order to determine the deformation modulus of rock masses, DLTs are carried out in some boreholes. For this purpose, a high pressure fl exible membrane with dilatometers of 102 mm is used with three displacement sensors arranged at 120° to each other. The loading, which causes the borehole to expand outwards, is applied to the wall of the borehole uniformly by using a rubber sleeve. The displacement transducers are in contact with the rock surface and measure its deformation. Then, the average of measured moduli in three directions is used as deformation modulus of rock mass.
According to ISRM suggested method for deformability determination using a fl exible dilatometer with radial displacement measurements (Ladanyi, 1987) , the tests are performed in three cycles of loading and unloading with at least fi ve pressure increment and decrement steps in each loading and unloading cycle.
Deformation modulus of rock mass is calculated from the relationship between applied pressure and resulting dilation (ISRM, 1989; USBR, 2009 ). In rocks with widely spaced joints, the rock mass deformation modulus may be calculated as follows (Ladanyi, 1987) :
where: If the test media is a cracked rock and applied pressure exceeds about twice the average ground pressure around the borehole, all existing radial cracks will be opened and the above equation should be replaced by (Ladanyi, 1987) : 
where:
Because of anisotropy of rock masses, the deformation modulus of rock mass may vary in different directions. The histogram of measured modulus in three directions is presented in Figure 3. In the Bakhtiari Dam site, anisotropy of rock masses in different locations is not in the same direction. For example, as seen in Figure 4 , the performed tests in different depths of borehole DL1L5 show the highest deformation modulus in different directions. Evaluation of deformation modulus of rock mass in different directions in the DLTs all over the Bakhtiari Dam site shows insignifi cant differences between deformation moduli in three directions (Table 2 ). 
Comparisons between PJT and DLT results
In this study, the data obtained from these in-situ tests are examined and an incredible database is compiled consequently. Figure 5 shows the histogram of in-situ data and the descriptive analysis of data presented in Table 3 . The in-situ tests are performed on six rock units of Sarvak formation at Bakhtiari Dam site. Therefore, the data are divided into six groups. The summary of the results of PJTs and DLTs are presented in Table 4 and Table 5, respectively.
As mentioned above, there are no signifi cant differences between the deformation modulus of rock mass measured by PJTs in vertical and horizontal directions. Also, the differences between DLTs measurements in three directions are insignifi cant.
Therefore, since the PJTs and DLTs are not carried out in the same location at the dam site to make a meaningful one--to-one comparison between the results of these two methods, and also, due to insignifi cant differences between test results in different directions, the mean of in-situ data of each rock units and also the overall mean of all data are compared with each other. The results of this correlation are presented in Table 6 and Figure 6 . It clearly shows that there is a good relation between dilatometer and PJT results. However, the moduli measured by DLTs are greater than PJTs ones in low quality rock masses. Contrariwise, the moduli measured by PJTs are greater than DLTs ones in high quality rock masses. To make a better comparison between PJTs and DLT data, the differences between two groups of in-situ data are compared using Mann-Whitney U test (Mann & Whitney, 1974) . The Mann-Whitney U test is a non-parametric test used to compare differences between two independent groups when the dependent variable is continuous. The results of Mann-Whitney U test for the DPP is presented in Table 7 and it provides the test statistic, U statistic, as well as the asymptotic signifi cance (two-tailed) p-value. From this table, it can be concluded that the difference of DPP for two types of in-situ tests is insignifi cant (p > 0.05).
Conclusions
The deformation modulus of rock mass is considered as one of the most important parameters for investigating the rock mass behavior. In-situ tests have been considered as the most authentic procedures to evaluate this parameter. Several in-situ tests, such as PJTs and DLTs, were carried out to obtain E rm during geotechnical investigation of the Bakhtiari Dam site. Statistical analyses were performed for comparison between PJT and DLT results. Due to the lack of paired data from PJTs and DLTs to make a meaningful one-to-one comparison, the mean of in-situ data of each rock unit and also the overall mean of all data were compared with each other. The comparisons have shown that there were no signifi cant differences between mean of these in-situ data, but the results of DLTs were greater than the PJTs in low quality rock masses. Contrariwise, in high quality rock masses, the results of PJTs were greater than the DLTs.
Due to stress relief and excavation damages disturbance in shallow rock mass and also very low displacement in deeper rock mass, the moduli obtained from PJTs at shallow extensometer locations are usually smaller than the deeper ones. Therefore, correlating PJT and DLT results can lead to a selection of acceptable data. In the high quality rock masses, the average of extensometer measurements of fi rst 50 cm thick of rock mass could be used to estimate the E rm whereas, in weak rock masses, the deeper extensometer measurements can be used too. 
